Introduction
============

As a co-receptor for other ErbB\'s, oncogenic receptor tyrosine kinase ErbB2, which lacks a natural ligand, can transduce strong mitogenic signals for cell transformation and proliferation by its ability to heterodimerize with the EGF receptor and with ErbB3 [@B1]-[@B3]. Correlation between the overexpression of ErbB2 and poor clinical prognosis is well documented in breast cancer patients, which marks this protein as a potential and effective therapeutic target [@B4], [@B5]. Controlled receptor activation and down regulation of receptor signaling are crucial for intracellular processes that are engaged by ligand binding. One of the ErbB2 targeting therapy is the administration of a humanized monoclonal antibody Trastuzumab, that binds to juxta membrane domain of ErbB2 [@B6], [@B7]. Clinical trials have shown that Trastuzumab inhibits breast cancer cell proliferation by the induction of cell cycle arrest at the G1 phase of the cell cycle [@B8]. Trastuzumab prevents ErbB2 hetero-dimerization with other ErbB receptors [@B9] and prevents its proteolytic shedding by metalloproteases [@B10]. Furthermore, the Fcγ portion of Trastuzumab is reported to elicit antibody-dependent cell mediated cytotoxicity (ADCC) [@B11], [@B12], which probably is the dominant therapeutic activity of Trastuzumab, as Trastuzumab is ineffective in eliciting anti-tumor response in mice that lack Fcγ receptors on ADCC promoting effector cells [@B13]. Taking the range of molecular and cellular mechanisms of Trastuzumab efficacy and of resistance into consideration, it might be possible that the dominant mechanism depends upon the context of the cancer target cell. However, in most cases, the levels of the ErbB2 surface expression on tumor cells are crucial for a potent and sustained therapeutic response to Trastuzumab.

Ligand induced endocytosis of receptor tyrosine kinases is considered to be crucial for the termination of intracellular signals that are transiently generated upon the ligand-receptor binding [@B14], [@B15]. Unlike ErbB1, which is a characterized receptor that undergoes endocytic processing and endosomal transport, the endocytosis of ErbB2 has been found to be impaired in tumor cells [@B16]-[@B19]. Moreover, several groups have reported that overexpression of cell surface ErbB2 can transmit its endocytic resistance to ErbB1 and its dimerization partners[@B17]-[@B19], resulting in a subsequent increase in the expression levels of the ErbB receptor heterodimerization partners on the cell membrane. Clathrin dependent endocytosis is a well-established phenomena among the ErbB family members [@B20]-[@B22]. However, the distribution of ErbB2 homo dimers in caveolae before ligand activation [@B23], [@B24] and its association with membrane proteins, lipid rafts, caveolins and flotillins are well documented [@B25]-[@B27]. These observations imply the involvement of caveolae-dependent mechanisms in ErbB2 endocytosis. Caveolin-1 is 22-24 kDa integral membrane protein that is essential for caveolae formations, which are small, flask-shaped invaginations of the plasma membrane. In the context of endocytic function, caveolin-1 stabilizes the actin cytoskeleton and regulates the endocytic machinery by interacting with other membrane proteins [@B28]-[@B30]. Simultaneously, caveolae are often described as a signaling platforms, since caveolins bind to a number of signaling proteins including G protein subunits, receptor and non receptor tyrosine kinases and small GTPases [@B31] thereby regulating their activity in caveolae. It has been demonstrated that overexpression of recombinant caveolin-1 regulates ErbB2 mediated signal transduction in vivo [@B32]. Although caveolin-1 has been reported to function as both a tumor suppressor and a oncogene, the cumulative effect on tumorgenesis may be dependent on tumor cell type. Deciphering the molecular mechanism(s) and physiological significances of ErbB2 endocytosis through a caveolin dependent-pathway, might well provide new insights for novel ErbB2 targeted therapies.

Until now, an endogenous ligand(s) for ErbB2 have not yet been identified. However, a phage display study has identified several small peptides that exhibit specific binding to the extracellular domain of ErbB2 [@B33]. These peptides inhibit the kinase activity of ErbB2 and subsequent cell proliferation. Previously, we described the EC-1 peptide, an artificial ErbB2 ligand, fused to eGFP (EC-eGFP) that efficiently induced ErbB2 endocytosis in the ovarian cancer cell derived SKOV-3, while EC-eGFP did not induce ErbB2 internalization in SKBR-3 cells [@B34]. Simultaneously, by DNA microarray analysis, we found that the mRNA level of caveolin-1 in SKBR-3 cells were down-regulated [@B35]. In this study, using Ec-eGFP and Trastuzumab, we evaluated the involvement of caveolin-1 in ligand induced ErbB2 endocytosis by utilizing parental SKBR-3 and SKBR-3/Cav-1 cells, in which the caveolin-1 gene was stably transduced.

Materials and Methods
=====================

Antibodies and other reagents
-----------------------------

Rabbit monoclonal anti-ErbB2, anti-Caveolin-1, anti-Caveolin-2, mouse monoclonal anti-Transferrin antibody, HRP conjugated anti-mouse IgG, anti-rabbit IgG, anti-rabbit IgG labeled Alexa Fluor 350 were from Cell Signaling Technology. Anti-EEA1 and anti-β-actin antibodies were purchased from BD Biosciences. Trastuzumab (Herceptin) was purchased from (Genentech). Anti-rabbit IgG labeled Alexa Fluor 555 and 488, anti-mouse IgG labeled Alexa Flour 555 was from Invitrogen. Anti-human IgG FITC was from Sigma. Protein Assay reagents were from Thermo Scientific, VA. All other reagents used in this study were purchased from Sigma-Aldrich and Invitrogen unless otherwise specified.

Cell cultures and Transfection of Caveolin-1 into SKBR-3 cells
--------------------------------------------------------------

The human breast cancer derived cell line SKBR-3 and the human ovarian cancer cell line SKOV-3 (ATCC, Manassas, VA) were grown in supplemented RPMI 1640 medium at 37^°^C with 10% FBS, under an atmosphere of 5% CO~2~. Full length human caveolin-1 cDNA derived from SKOV-3 cells were amplified using forward primer 5\'-gcggccgcatgtctgggggcaaatac-3\' and reverse primer 5\'-gaattcttatatttctttctacaagttg-3\'. RT-PCR products were digested with Not1 and EcoR1 and then ligated to the Not1/EcoR1-digested PQCXIP retrovirus vector (Clontech, Mountain View, CA) to generate PQCXIP/Cav1. The GP2-293 cell line (Clontech) was used to produce the viral particles. Production of virus particles, infection of the target cell line SKBR-3 and selection of virus infected SKBR-3 cells were performed as recommended by the vendor. Cells were transfected in parallel with the PQCXIP vector as a control. Puromycin (0.8 µg/l) resistant stable caveolin-1 expressing transfectants SKBR-3 cells were generated and verified using anti -caveolin-1 antibody (1:500).

Preparation of Ec-eGFP and EC-FC
--------------------------------

EC-eGFP and EC-Fc (EC-1 peptides fused to human IgG Fc domain) proteins were prepared as previously described [@B34], [@B35]. Briefly, for EC-eGFP, synthetic oligo nucleotide coding for EC-1 peptide, NH~2~-WTGWCLNPEESTWGFCTGSF-COOH, and eGFP coding DNA were cloned into an expression vector pET28b (Novagen, WI, USA). A Full length EC-eGFP expressing plasmid was then introduced into *E. coli* MM294 (DE3) pLysS cells. For purification, cells harboring pET28b were grown at 37^°^C in LB media, induced protein expression at mid-exponential phase by adding 0.4 mM IPTG, grown for an additional 16 h, harvested and sonicated by resuspending in cold PBS. After centrifugations for 15 min at 25,000×*g*, the supernatant was collected and applied to a Ni-NTA super flow column (Qiagen) pre-equilibrated with 50 mM phosphate buffer pH 8.0 and 300 mM NaCl. EC-eGFP protein was eluted with 300 mM imidazole and was dialyzed against PBS for 2 h and the purity of recombinant EC-eGFP protein was analyzed by SDS-PAGE.

To generate EC-Fc, the above expression vectors [@B35] were stably transfected into Chinese hamster ovary (CHO) cells in the presence of 100 µg/ml hygromycin B (Wako Pure-chemicals, Japan). Six million of the transformed cells were seeded in 500 ml of CHO-S-SFM II (Invitrogen) at 37°C and incubated for 5 days. The cell culture medium was collected on the 5th day, centrifuged, and passed through a pre-equilibrated protein A Sepharose CL-4B column. After extensive washes, the bound protein was eluted in 1 ml fractions in 0.1 M phosphate buffer of pH 2.6, and was immediately neutralized by adding 20 µl of 2 M phosphate buffer pH 8.0. The eluted EC-Fc proteins were then passed through a PD10 column (GE Healthcare) to remove the buffer and resuspended in PBS.

siRNA Transfection
------------------

siRNAs to cav-1 (5\'-aagcatcaacttgcagaaaga-3\') and cav-2 (5\'-ccggctcaactcgcatctcaa-3\') (QIAGEN) were transiently transfected into SKOV-3 cells using Lipofectamine LTX (Invitrogen) to knockdown the gene expression of caveolin-1 and caveolin-2 according to the manufacturer\'s instructions.

Cell Surface Biotinylation
--------------------------

Cell surface biotinylation assay, using cleavable biotin was used to determine the amount of internalized ErbB2 in transfected and wild type SKBR-3 cells. Briefly, 80-90% confluent SKBR-3 cells cultured in 6 well plates were washed twice with Hank\'s balanced salt solution (HBSS) for 10 min at 4°C. EZ-Link™ Sulfo-NHS-SS-Biotin (Pierce, Thermo Scientific, Rockford, IL) at a concentration of 0.5 mg/ml in HBSS was added to cells and placed on a shaking table for 20 min at 4°C. This reaction was repeated twice. Biotinylation was quenched by washing the cells with HEPES buffered RPMI supplemented with 1% BSA and 2 mM glutamine for 10 min at 4°C. Control cells prepared for 37°C and 4°C were incubated with RPMI-BSA for 1 h. SKBR-3 cells incubated with 30 µg/ml Ec-eGFP and 1 µM Trastuzumab were kept at 37°C for different time intervals. Fresh cold RPMI-BSA was added to the cells upon completion of each time point (except for the controls), and the cells were then placed on ice. A similar set of samples processed at 4°C were also kept as controls. After incubation, all the samples were washed once in cold HBSS and non-internalized cell surface biotin was removed by washing twice in stripping buffer (20 mM DTT; 50 mM Tris-HCl pH 8.7; 100 mM NaCl and 2.5 mM CaCl2) for 20 min at 4°C. Finally, cells were washed three times in cold HBSS, and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4; 150 mM NaCl; 0.1% sodium dodecyl sulphate (SDS); 1% Triton X-100; 0.5% sodium deoxycholate; 1 mM EDTA, Protease and Phosphatase inhibitor cocktail (Sigma-Aldrich), incubated for 20 min at 4°C and sonicated twice. Cell extracts were cleared by centrifugation for 5 min at 25,000×g and supernatants were incubated with 20 µl of avidin-agarose (Pierce Chemical) at 4°C overnight. Beads were washed three times in RIPA buffer, suspended in Laemmlli buffer (20% glycerol, 135 mM Tris-HCl pH 6.8, 4% SDS, 10% 2-mercaptoethanol, 0.005% BPB), heated for 5 min at 95°C to release the bounded proteins and processed for western blotting.

Western blotting
----------------

Protein samples lysed in Laemmlli sample buffer and were then boiled for 5 min. Equal quantities of protein lysates were then analyzed on SDS-PAGE and transferred to PVDF membrane (Bio-Rad, Hercules, CA). The membranes were blocked with 10% skim milk, incubated with primary antibody in 0.4% skim milk/TBS for 2h, washed with TBST followed by appropriate secondary antibody in 0.4% skim milk/TBS incubation for 1 h. The proteins were visualized using Western lighting plus-ECL reagent (PerkinElmer) in Light-Capture II cooled CCD camera system (ATTO, Tokyo, Japan).

Immunofluorescence analysis and confocal microscopy
---------------------------------------------------

For confocal microscopic observation, SKBR-3 cells and caveolin-1 transfected SKBR-3 cells were grown on 18 mm cover slips. Cells were then fixed with 4% PFA for 10 min, permeabilized with 0.1% Triton X-100/PBS and blocked with 1% BSA-PBS for 30 min at RT. For caveolin-1 localization, cells were incubated with 1:500 diluted anti-caveolin-1 antibody in 0.25% BSA/PBS for 1 h at RT, followed by staining with Alexa 555 labeled anti-rabbit IgG for 30 min. After wash, the cover slips were mounted with DAPI (Vector Laboratories and observed by confocal microscope IX81 with 60x magnification lens. (Olympus, Tokyo, Japan).

Analysis of internalized ErbB2
------------------------------

To analyze the internalized ErbB2 that was potentially co-localized with caveolin-1, cells were incubated with 30 µg/ml Ec-eGFP or 1 µg/ml Trastuzumab in 1% BSA PBS at 4˚C (data not shown) and 37˚C. After incubation, the cells were fixed with 4% PFA for 10 min, permeabilized with 0.1% Triton X-100/PBS and blocked with 1% BSA-PBS for 30 min at RT. Cells were incubated with primary antibodies: anti-rabbit Caveolin-1, ErbB2 or anti- mouse EEA1 diluted in 1:500 with BSA/PBS for 1h at 37˚C followed by appropriate secondary antibody staining for 30 min at RT. Cells were imaged as described earlier.

Lactate Dehydrogenase release for ADCC assay
--------------------------------------------

Caveolin-1 expressing and wild type SKBR-3 and SKOV-3 cells that had been cultured in 96 well plates were incubated with 1 µM of EC-Fc and Trastuzumab for 4 h at 37˚C. Peripheral blood monocytes (PBMC) were isolated from human whole blood sample that were obtained from a healthy donor using Ficoll plus (Invitrogen) gradient centrifugation. Isolated PBMCs were washed three times with PBS and incubated together with antibody pre-treated SKBR-3 and SKOV-3 cells at an effector: target ratio of 25:1, 50:1,100:1 for 4 h at 37°C. After 4 h, 96 well plates were centrifuged at 1,300×g for 10 min. The cell supernatant was then transferred to a fresh 96 well plate to determine the amount of LDH released using colorimetric assay (LDH Assay Kit, Promega) as per the vendor\'s protocol. The percentage of cytotoxicity was calculated as: (experimental - effector spontaneous - target spontaneous) / (target maximum - target spontaneous) x 100, where the "experimental" corresponds to the signal measured in a treated sample, "effector spontaneous" corresponds to the signal measured in the presence of PBMCs alone, "target spontaneous" corresponds to the signal measured in the presence of tumor cells alone, and "target maximum" corresponds to the signal measured in presence of 1% TritonX-100 lysed cells.

Statistical Analysis
--------------------

The Data is expressed as the mean ± SE. The statistical significance of differences between means was determined using Student\'s *t* test. Differences were statistically significant at *P* \< 0.05.

RESULTS
=======

Localization of ectopic caveolin-1 in SKBR-3 cells
--------------------------------------------------

Previous work by us [@B34], [@B35] and others [@B30] indicated the loss of caveolin-1 gene expression and caveolae in SKBR-3 cells. In order to investigate the relevance to ErbB2 internalization, a construct constitutively expressing human full-length caveolin-1 was transfected into SKBR-3 cells. Immunofluorescence microscopy of transfected cells demonstrated caveolin-1 was frequently expressed on the cell membrane (Fig. [1](#F1){ref-type="fig"}A), and also as small or large punctae vesicles throughout the cytoplasm ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2A), which may represent caveosomes, identified previously by Pelkmans et al. [@B37]. The cellular localization of these vesicles were similar to the localization pattern as reported previously in SKBR-3 [@B30], and that of SKOV3 ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2B), which endogenously expresses caveolin-1 [@B34]. Cell lysates prepared from transfected and wild type SKBR-3 cells were subjected to western blot analysis with caveolin-1 specific monoclonal antibody (Fig.[1](#F1){ref-type="fig"}B). A significant increase in caveolin-1 protein levels was detected in transfected cells whereas wild type SKBR-3 cells were caveolin-1 negative, consistent with our previous study [@B34]. SKOV-3 cells were used as positive controls for analysis since caveolin-1 was detected in SKOV-3 [@B34]. The results confirmed the expression of recombinant caveolin-1 in the transfected SKBR-3 cells (SKBR-3/Cav-1), which was equivalent with the level of endogenous caveolin-1 in SKOV-3 cells.

ErbB2 internalization is enhanced in SKBR-3 cells expressing caveolin-1
-----------------------------------------------------------------------

To address whether efficient ErbB2 endocytosis is associated with caveolin-1 expression in SKBR-3 cells, we treated caveolin-1 transfected SKBR-3 cells and wild type cells with EC-eGFP, an artificial ErbB2 peptide ligand. Cell surface binding of EC-eGFP were observed together with ErbB2 within 5 min of incubation (Fig. [2](#F2){ref-type="fig"}A). However, induced endocytosis and intracellular localization of EC-eGFP was observed in transfected cells after 15 min of incubation at 37^°^C (Fig. [2](#F2){ref-type="fig"}B). In wild type SKBR-3 cells, ErbB2 was retained on the cell surface even after 60 min of incubation with EC-eGFP at 37^°^C (Fig.[2](#F2){ref-type="fig"} C). We also analyzed the effect of Trastuzumab in caveolin-1 expressing SKBR-3 cells after ligand stimulation (Fig. [2](#F2){ref-type="fig"}D), and after 15 min of incubation at 37^°^C. After the addition of EC-eGFP, the intracellular localization of ErbB2 in SKBR-3/Cav-1 expressing cells was found to be abundant (Fig. [2](#F2){ref-type="fig"}E) whereas Trastuzumab above scarcely altered the cellular membrane distribution of ErbB2 in wild type SKBR-3 cells. Supportingly, siRNA directed silencing of caveolin-1 or caveolin-2 in SKOV-3 resulted in a reduction of EC-eGFP uptake ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1). These results suggest that upon the binding to ErbB2, EC-eGFP and Trastuzumab are effectively internalized with ErbB2 through a caveolin-1 dependent mechanism. As a negative control for endocytosis, we incubated SKBR-3/Cav-1 cells with eGFP and analyzed the endocytosis and localization of ErbB2 and caveolin-1. Cell surface binding of GFP was not observed whereas naked ErbB2 and caveolin-1 were localized on the cell membrane ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig.S3).

We further accessed for the involvement of caveolin-1 in ligand induced ErbB2 endocytosis by biotinylation (Fig.[3](#F3){ref-type="fig"}). Surface biotinylated cells were treated with 1 μM EC-eGFP and Trastuzumab at 37^°^C for various intervals. Surface biotinylated proteins on cell surface were then removed to ensure only internalized biotinylate proteins were being assessed. Cell lysates were pull-downed with avidin agarose and blotted against anti-ErbB2 monoclonal antibody to analyze the endocytosed ErbB2 in both caveolin-1 transfected and wild type SKBR-3 cells. As for the control, the same set of samples, but the ligand or Trastuzumab incubation were carried out at 4^°^C, were processed simultaneously for internalization. Internalization of the transferrin receptor was also monitored as an endocytosis control. In EC-eGFP treated caveolin-1 transfectants, the amount of ErbB2 which was pulled down with avidin-beads was increased 15-30 min after ligand treatment (Fig. [3](#F3){ref-type="fig"}A). This was followed by a gradual decrease within 90 min, presumably due to potential endosomal/lysosomal degradation. In contrast, no significantly pulled down of ErbB2 was detected in caveolin-1 transfected SKBR-3 cells which had been incubated with ligand at 4˚C and in wild type SKBR-3 cells after EC-eGFP treatment (Fig. [3](#F3){ref-type="fig"}B). Trastuzumab was also found to increase the amount of biotinylated ErbB2 gradually with time in the cytoplasm of caveolin-1 transfected SKBR-3 cells, and partially in wild type SKBR-3 cells at 60 min (Fig. [3](#F3){ref-type="fig"}B). Since only internalized proteins were biotinylated and could be pulled down with avidin-beads under our experimental condition, we concluded that ErbB2 was endocytosed upon the ligand/Trastuzumab binding through a caveolin-1 mediated pathway.

Moreover, studies with endosomal markers to monitor post-endocytic events revealed the fusion of caveolin-1 rich vesicles with early endosomal compartments [@B36]. We thus analyzed the recruitment of EC-eGFP and Trastuzumab into early endosomes using an early endosomal marker EEA1 after EC-eGFP and Trastuzumab stimulation in caveolin-1 transfected SKBR-3 cells. Localization in endosomes was not observed in transfected cells after 1 μM EC-eGFP or Trastuzumab treatment for initial 15 min at 37^°^C (data not shown). However, enhanced endocytosis and localization in early endosomes was observed in transfected cells after EC-eGFP treatment for 90 min at 37^°^C (Fig. [4](#F4){ref-type="fig"}A). Trastuzumab also found to be localized in early endosomes after incubation for 1 h (Fig. [4](#F4){ref-type="fig"}B). Co-localization of caveolin-1 with EEA1 was observed beneath the cell membrane, and as small and large caveolin-1 positive endosomal vesicles which were similar to those reported in previous studies [@B37], [@B38]. In line with those observations, these results imply a post-endocytic intersection of a caveolin-1 mediated pathway with the classic endosomal systems.

Attenuated ADCC effect on SKBR-3 cells expressing caveolin-1
------------------------------------------------------------

To assess if the level of ErbB2 endocytosis is significant for SKBR-3 cells to escape from the ADCC effect, we set out to evaluate the ADCC effect mediated by human peripheral blood mononuclear cells (PBMC) on Trastuzumab or EC-Fc treated caveolin-1 transfected SKBR-3 and SKOV-3 cells (Fig. [5](#F5){ref-type="fig"}). The PBMC mediated cytotoxicity of wild type of SKBR-3 cells was taken as controls for the ADCC effect. When the effector/target cell ratio was 100:1, 50:1, 25:1, cell death was approximately 70, 55 and 45%, respectively in the case of wild type of SKBR-3. In contrast, a significant attenuated ADCC cell killing effect was observed in caveolin-1 expressing SKBR-3 cells with a 20-35% cell death, which was almost equivalent to the ADCC effect observed in SKOV-3 cells. This was in agreement with the protein levels of caveolin-1 in both cells types (Fig. [1](#F1){ref-type="fig"}B). The trend of ADCC effects were similarly observed with both Trastuzumab and EC-Fc, suggesting that antibody or ligand induced internalization of ErbB2 through a potential caveolin-1 dependent pathway could be significant for desensitizing cells to the ADCC-dependent cellular cytotoxicity of Trastuzumab.

DISCUSSION
==========

This is the first report to describe a positive correlation between ligand induced ErbB2 endocytosis and caveolin-1 expression in SKBR-3 cells. Upon EC-eGFP or Trastuzumab treatment, ErbB2 was internalized in caveolin-1 expressing SKBR-3 cells (Fig. [2](#F2){ref-type="fig"}) and in SKOV-3 cells that express endogenous caveolin-1 [@B34]. Reciprocally, the inhibition of ErbB2 internalization by siRNA mediated depletion of caveolin-1 and 2 in SKOV-3 cells resulted in a decreased internalization of ErbB2, which further confirmed the involvement of caveolin-1 in mediating endocytosis ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2). In this context, caveolae may well function as an endocytotic pathway for ErbB2 internalization. On the other hand, significant differences in the ADCC response in caveolin-1 transfected and wild type SKBR-3 cells mediated by Trastuzumab and EC-Fc further substantiates a possible functional effect of ErbB2 endocytosis in Trastuzumab resistance.

The EC-1 peptide and Trastuzumab might directly crosslink cell-surface ErbB2 thereby favoring clustering of a peptide- or antibody-receptor complex to form homo-dimers. Elevated homo dimerizations of ErbB2 after Trastuzumab stimulation in SKBR-3 cells was previously reported to localize in raft-associated regions of the cell membranes [@B23], [@B24], [@B38]. Caveolae/ caveolin structure and functions have also been shown to be raft associated [@B40]. In addition, flotillins, a raft-associated protein, stabilizes caveolin-1 on the membrane [@B25], and facilitates complex formations with ErbB2 and Hsp90 [@B25]. Geldanamycin, a potential Hsp90 inhibitor, disrupts this complex and triggers ErbB2 endocytosis in SKBR-3 [@B41], [@B42]. It should be indicated here that those observations were performed in wild type SKBR-3 cell. However, our RT-PCR analysis revealed low amount of endogenous caveolin-1 in SKBR-3 [@B35], which might have physiological consequences in terms of internalization defects in SKBR-3 cells. Over expression of caveolin-1 should induce de novo formation of caveolae and therefore confer stability to caveolar vesicles [@B43]. Collectively with our findings, it can be speculated that in the presence of caveolin-1, the homo dimerizations of ErbB2 formed after Ec-eGFP/Trastuzumab treatment could facilitates membrane bound ErbB2 to internalize into caveolin-1 containing early endosomes which would develop into caveolae. Following internalization, the endocytosed molecules may well destined to the intracellular compartments for sorting and degradation. Internalized ErbB2 has been reported to co-localize with early endosomal markers after prolonged ligand stimulation [@B36]. This is in agreement with our observation in transfected SKBR-3 cells, where we observed the co-localization of ErbB2 with endosomal marker EEA1 after 90 min of Ec-eGFP/Trastuzumab treatment (Fig.[4](#F4){ref-type="fig"}), implying a possible interaction between caveolin-1 mediated endocytosis with classic endosomal system through Rab5-GTPase. [@B37], [@B38]

Although the relationship between caveolin-1 and tumorogenesis has been debated [@B44], in breast cancer derived cells, the tumor suppressor efficacy of caveolin-1 may related to a receptor down regulation. It should be noted that a inverse relationship between caveolin-1 and ErbB2 expression has been reported in breast cancer [@B45]-[@B47]. Taking our results into consideration that ligand-stimulated ErbB2 facilitates endocytic uptake via caveolae, thus caveolin-1 should contribute to inhibit growth/proliferation signals from ErbB2, thereby functioning as a tumor suppressor [@B48], [@B49]. On the other hand, caveolin-1 and caveolae deficiency might be preferable in the clinical administration of Trastuzumab. As a consequence of enhanced endocytosis, we observed attenuation in Fc receptor PBMC activity mediated by Trastuzumab and EC- Fc in caveolin-1 expressing SKBR-3 cells and SKOV-3 cells. An effector /target ratio dependent ADCC response was observed markedly in wild type SKBR-3 cells after 4hrs of incubation with EC-Fc /Trastuzumab (Fig. [5](#F5){ref-type="fig"}). ErbB2 was retained on the cell surface even after ligand stimulation in caveolae deficient breast cancer cells. The attenuated ADCC effect caused by the antibody mediated endocytosis of ErbB2 by caveolin-1 might be one mechanism that could contribute to Trastuzumab resistance. Thus, collectively, we propose caveolin-1 expressed SKBR-3 cells as another model to explain Trastuzumab resistance in ErbB2 overexpressing cell lines. The expression levels of caveolin-1 might be a predictive marker to distinguish tumor cells that respond favorably to Trastuzumab from Trastuzumab resistant ones.
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![**Expression of caveolin-1 in SKBR-3 cells. (A)** Both SKBR-3/Cav-1 and parental SKBR-3 cells were processed for immunofluorescence imaging, detecting bright field image in (DIC) caveolin-1 (red) and nuclei (blue). Scale bar: 10 μm. **(B)** Western blot showing caveolin-1 expression in, PQCXIP vector transfected (lane1), Caveolin-1 transfected (SKBR-3/Cav-1) (lane 2) parental SKBR-3 (lane 3), and SKOV-3 cells (lane 4). β-Actin was used as loading control.](jcav04p0391g01){#F1}

![**Enhanced internalization of ErbB2 in caveolin-1 expressing SKBR-3 cells. (A)**SKBR-3/Cav-1 cells were incubated with 1 μM of EC-eGFP at 37^°^C for 5 min and internalization was assessed using anti-ErbB2 monoclonal antibody. Cell surface binding of EC-eGFP (green) with ErbB2 (red) was shown in the merged picture (yellow). **(B)** enhanced endocytosis of Ec-eGFP (green) and Intracellular co-localization with ErbB2 (red) was observed after 15 min of incubation at 37^°^C. **(C)** Parental SKBR-3 cells incubated with EC-eGFP for 15 min at 37^°^C were processed for endocytosis analysis as above using anti ErbB2 antibody (red). **(D)** SKBR-3/Cav-1 cells incubated with Trastuzumab (green) for 5 min at 37^°^C were processed and stained with anti-caveolin-1 antibody (blue); cell surface binding of Trastuzumab with caveolin-1 was shown (opaque) in the merged image. **(E)** Internalization and localization of Trastuzumab (green) with caveolin-1 (blue) in SKBR-3/Cav-1 cells after 15 min of stimulation at 37^°^C. **(F)** Parental SKBR-3 cells incubated similarly with Trastuzumab for 15 min were processed for endocytosis analysis as detailed in the material and methods section. Scale bar: 20 μm.](jcav04p0391g02){#F2}

![**Ligand induced ErbB2 internalization after EC-eGFP and Trastuzumab treatment**. SKBR-3 cells were surface biotinylated to monitor internalization. **(A)** Biotinylated caveolin-1 expressing SKBR-3 cells were stimulated with 1 μM EC-eGFP and Trastuzumab for 15, 30 and 60 min at 37°C, 4^°^C or left untreated for 1 h at 37^°^C and 4^°^C. Densitometry was performed using Image J software. **(B)** Wild type SKBR-3 cells were incubated with Ec-eGFP and Trastuzumab as described above for 15-60 min. Cell lysates prepared from treated samples were then pull-downed with avidin agarose and subjected to western blotting using an anti-ErbB2 antibody. Endocytosed transferrin receptor was also monitored simultaneously as internal control. The results are expressed as the mean SD of three individual experiments. Since there was no significant internalization observed in parental SKBR-3 cells, densitometry was performed only for caveolin-1 expressing SKBR-3 cells.](jcav04p0391g03){#F3}

![**Co-localization of ErbB2 ligands with EEA1 after incubation in Caveolin-1 expressing SKBR-3 cells: (A)** SKBR-3 cells stimulated with Ec-eGFP for 90 min at 37^°^C were fixed with 4% PFA, permeabilized in 0.1% Triton X-100, and then incubated with anti-EEA1 and anti-caveolin-1 antibody for 1 h. Cells were further stained with anti-rabbit IgG labeled with Alexa 350 and anti-mouse IgG labeled with alexa 555 for 30 min and visualized by confocal microscopy. **(B)** Recruitment of ErbB2 to early endosomes after Trastuzumab stimulation in transfected SKBR-3 cells was also observed after 90 min using an anti-EEA1 and anti-caveolin-1 antibody. Cells were counter stained with anti-mouse IgG labeled Alexa 555, anti-rabbit IgG labeled Alexa 350 and anti-human IgG labeled FITC for 30 min and co-localization was observed using confocal microscope. Scale bar: 20 μm.](jcav04p0391g04){#F4}

![**Fc receptor mediated ADCC in SKBR-3 cells**. ADCC activity mediated by Trastuzumab and EC-Fc against cell surface ErbB2 in SKBR-3, SKBR-3/Cav-1 and SKOV-3 cells was measured using human PBMC\'s as effector cells at an effector: target cell ratio of **(A)** 25:1 **(B)** 50:1 and **(C)**100:1, with standard LDH assay as described in materials and methods. Data are expressed as the mean of (±) SD (n=3). Student\'s t- test (two tailed) was used to compare the ADCC response in SKBR-3/Cav-1 and SKOV-3 with parental SKBR-3. Differences were statistically significant at *P* \< 0.05.](jcav04p0391g05){#F5}
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